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Materials optimization to form skyrmions 

and skyrmion lattices 

Fe/Gd multilayers

Electron Flow

Pt/Co/Os/Pt 

No DMI DMI



Fe/Gd multilayers as a model AF

[78 more repeats]

Ta 40 Å
Fe 3.6 Å
Gd 4 Å

Fe 3.6 Å
Gd 4 Å
Ta 40 Å

Si1-xNx membrane

Ferrimagnet

Fe-Gd antiferromagnetically coupled

Perpendicular magnetic anisotropy

MS tunable

TC and Tcompensation tunable

No DMI 



Fe/Gd multilayers as a model AF

H = 2520 OeH = 0 Oe H = 1827 Oe

Very well aligned stripe 
domain at B=0

Intermediate state Hexagonal lattice !!

0.044 nm-1

Aligned stripe domains at low temperature, almost like a grating.

Continuous deformation from stripe to hexagonal lattice.
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3

2

1

0.0466 nm-1

0.0466 nm-1

B = 170 mT

0.0466 nm-1

B = 271 mT



Fe/Gd Lorentz TEM

Jordan Chess, Ben McMorran, U Oregon 



Fe/Gd Lorentz TEM

Sc doped Barium Hexaferrite X. Yu et al, PNAS 109, 8856 (2012)



Fe/Gd

Lack of DMI allows other chiral structures to form
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Fe/Gd LTEM

Lack of DMI allows other chiral structures to form

Winding number is zero
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Fe/Gd LTEM
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Fe/Gd LTEM

Wang et al., Advanced Materials, 28 (2016) 6887-6893.



Fe/Gd films

What materials 

properties give 

rise to these 

specific spin 

structures?



Skyrmion
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Fe/Gd films
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Temperature (K)
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Temperature (K)

[Fe 3.6Å \Gd 4 Å] x80 [Fe 3.4 Å \Gd 4 Å] x80

Saturation

Stripes (aligned) Labyrinth Domains 

Hexagonal Lattice Stripe-Bubble Transition

*Constructed using  XMCD data

Skyrmion



Kittel Formula: ω = γ(H + HK - 4πMS)
10

FMR

HK < 4πMS 

Q = KU/2pMS
2 <1

[Fe 3.6Å \Gd 4 Å] x80 
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Magnetic propeties

Critical thickness

𝑡1~ 17.7 𝐴 𝑀𝑆
2/𝐾𝑈

3/2
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Magnetic properties
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Fe/Gd modeling

Vitaliy LomakinFASTMag

t = 80 nm, MS = 400 emu/cc

KU = 4x105 erg/cc, A= 5x10-7 erg/cm
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Fe/Gd modeling
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Fe/Gd magnetism

• Sub-100 nm dipolar field driven non-trivial spin textures 
• Bubbles, skyrmions, and bi-skyrmion states and lattices

• Ingredients: low M, low K, low A, thick films (above tcrit)

S. A. Montoya, et al., Phys. Rev. B 95, 024415 (2017) 

S. A. Montoya, et al., 

Phys. Rev. B 95, 224405

(2017)

M. H. Seaberg, et al., 

Phys. Rev. Lett. In press

Sub-ns x-ray photon 

correlation spectroscopy



Co/Pt/Os/Pt Layers
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From Fert, Cros, and Sampaio, 2013

Pt

Pt

Co

Os



Co/Pt/Os/Pt Layers

Co 1.1nm

Pt 5nm

Pt 5nm

X = Os

Ta 5nm

Ta 5nm
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tOs= 0Å

1Å

2Å

4Å

300 K



Co/Pt/Os/Pt Layers

50 100 150 200 250 300 350 400

0

200

400

600

800

1000

1200

1400

E
m

u
/C

C

Temp

 CoPt Ms per CC

 1A Ms per CC

 2A Ms per CC

 4A Ms per CC

Skyrmion Range

20

tOs= 0Å

1Å

2Å

4Å

1Å Os

2Å Os

Co 1.1nm

Pt 5nm

Pt 5nm

X = Os

Ta 5nm

Ta 5nm

MS vs. T



Temperature Dependence

Skyrmion Range
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Current Driven Skyrmions
50 µm

-1.2 Oe



Moving Skyrmions
0 mA current 0.2 mA current

0.5 mA current0.4 mA current

4.6*104 A/cm2

9.4*104 A/cm2
1.2*105 A/cm2
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Electron Flow

Electron Flow Electron Flow

W. Jiang, et al. Science 349 (2015) 283-286



Moving Skyrmions



Formation with Current

25

2.5 mA is sufficient to move skyrmions and stripes

3.5mA forces additional skyrmions to form. Within 104~105 A/cm2 

causes stripes to break to skyrmions.



Skyrmion Hall effect

H=-1.2 Oe Zero Field H=+1.2 Oe

W. Jiang et al. Nature Physics 13 (2017) 162-169
26
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Materials optimization to form skyrmions 

and skyrmion lattices 

Lorentz-TEM X-ray scattering

Fe/Gd multilayers

Electron Flow

Pt/Co/Os/Pt 

• Two very different systems:  Fe/Gd dipole skyrmions w/o DMI
Pt/Co/Os/Pt with DMI

• Common ingredients: low M, low K, and low A

Near a spin reorientation transition


